ABSTRACT:

23
A major factor often overlooked in the production of calcifying marine invertebrates in 24 aquaculture is the effect of changes in carbonate chemistry of culture water caused by organism 25 metabolism and calcification. This study examined the effects of temperature, stocking density 26 and seawater exchange rate on the survival and growth of the juvenile sea urchin, Tripneustes 27 gratilla with particular reference to effects of these factors on the carbonate chemistry of culture it is critical that culture techniques are optimised to increase production, efficiency and 54 commercial viability.
55
Water quality is a key determinant of the performance and efficiency of aquaculture 56 systems. Economic considerations require high stocking densities and low water exchange rates,
57
conditions that can result in accumulation of metabolic wastes and/or oxygen depletion (e.g. temperatures within culture systems (Table 1) . Thus far, investigations of optimal growth 63 conditions for sea urchins have involved 11 species and focused on reproductively mature adults 64 (Table 1) . Studies of juvenile sea urchins are less common, but have shown the importance of 65 temperature (5 species), oxygen levels (1 species) and stocking density (2 species) ( Siikavuopio et al. 2007b ).
71
Of particular concern for calcifying invertebrates like sea urchins is that they can alter the 72 carbonate chemistry of their culture water, possibly compromising growth (Grosjean et al. 73 1998). Inorganic carbon in seawater exists as carbonate and bicarbonate ions and dissolved CO2, . The oceans are also warming -a factor of major concern because 88 temperature is well known to play a major influence on growth of marine ectotherms.
89
Considering the impact of these factors on invertebrate production (e.g. 
MATERIALS AND METHODS
121
Study Organism 122
Sea urchins, Tripneustes gratilla, were obtained from cultures reared at the National
123
Marine Science Centre, Southern Cross University, Coffs Harbour, Australia (30°12.5'S,
124
153°16.1'E). Larval culture methods were as described by Mos et al. (2011) . Larvae were 125 induced to settle using naturally derived biofilms and Sargassum spp. conditioned seawater.
126
Settled juveniles consumed the biofilm until a test diameter (TD) of 5 -10 mm when they were 127 fed a seaweed diet (Sargassum spp.). Juveniles were used in experiments once they were 15 -25 128 mm TD. Urchins were kept at 24 -25 °C and not fed for two weeks prior to the experiments to 129 standardise their condition.
130
Effects of Temperature on Growth and Survival
131
Experiment 1 was conducted to determine the optimal temperature for growth and where Si and Sf were the initial and final WW respectively of the Sargassum spp., di was the 219 initial mean WW of the urchins and tf and ti were the final and initial time points respectively.
220
Food conversion efficiency was calculated using the formula:
where di and df were the initial and final mean WW respectively of the urchins and S was the 223 total WW of Sargassum spp. consumed.
224
Estimates for the amount of CO2 produced by T. gratilla during week ten (Table S3) were also used for each of the seawater exchange rates. The experiment was conducted within 241 the previously described flow-through seawater system under a 12:12 photoperiod.
242
Seawater samples were collected from all replicates after 24 hrs during the light phase of 243 the photoperiod (6 hrs after lights 'on'), and an additional 12 hrs later (6 hrs after lights 'off') replicates from the two phases were pooled (Underwood 1997).
257
Multiple linear regressions were used to examine the relationships between water quality 258 parameters (temperature, nitrate, DO, salinity, pH, pCO2, ΩCa and AT) and SGR, LGR, relative 259 spine length, consumption rates and FCE in the density and seawater exchange rate experiment
260
(experiment 2). Temperature, nitrate, DO, salinity, natural log transformed pH, pCO2, ΩCa,
261
LGR, SGR and relative spine length were averaged across weeks within each treatment to match 262 the sampling design for AT (n = 10 per treatment).
LGR (Table S1 ), pH was used as a proxy for DO, salinity and temperature as these parameters were 269 highly correlated (> 0.99). Further analyses beyond marginal tests were not required for FCE 270 (Table 3) .
271
Linear regressions were conducted using the distance-based linear modelling (DISTLM) based on 9999 permutations, was used to select the five best fitting models.
276
RESULTS
277
Effects of Temperature on Growth and Survival
278
Survival after nine weeks was not significantly different among temperature treatments
279
(F3, 32 = 1, P = 1). Temperature had a significant effect on the TD of T. gratilla ( 
284
Temperature had a significant effect on the WW of T. gratilla (Fig. 1b, F3 , 31 = 56.95, P
285
< 0.0001, followed by post-hoc pair-wise test). After nine weeks, WW was greatest in the 26 - treatment had the smallest increase in WW (6.6 g, 475%).
289
Effects of Density and Seawater Exchange Rate on Growth and Survival
290
Survival was > 90% after ten weeks and was not significantly different among treatments
291
( Table 2) . Deaths occurred only in the first two weeks of the experiment in four of the nine 292 treatments.
293
Linear growth rate (LGR) of T. gratilla over the ten weeks ranged from 2.56 -4.60
LGR was dependent on a significant interaction between seawater 295 exchange rate and stocking density, with higher growth rates in low density and high seawater 296 exchange treatments and lower growth rates in high density and low seawater exchange 297 treatments (Fig. 2a , Table 2 ).
298
Specific growth rates (SGR) of T. gratilla over the ten weeks ranged from 22.8 -32.0 299 %.week -1 (Fig. 2b) . SGR was dependent on a significant interaction between seawater exchange 300 rate and stocking density, with higher growth rates in low density and high seawater exchange 301 treatments and low growth rates in high density and low seawater exchange treatments (Fig. 2b, 302 Table 2 ).
303
Relative spine lengths of T. gratilla after ten weeks ranged from 7 -16% of TD (Fig. 2c) .
304
Relative spine length was dependent on seawater exchange rate and density with no interaction 305 between treatments (Fig. 2c , Table 2 ). Relative spine lengths were reduced by decreased 306 seawater exchange rates and increased density (Table 2) .
307
Effects of Density and Seawater Exchange Rate on Consumption and FCE
308
Urchins consumed 6 -9% of their body mass per day (Fig. 3a) . Consumption rates were 309 dependent on a significant interaction between seawater exchange rate and stocking density (Fig. 3a , Table 2 ), with generally higher consumption rates at high seawater exchange rates and low 311 densities and lower consumption rates at low seawater exchange rates and high densities.
312
Food conversion efficiency (FCE) ranged from 52 -61% (Fig. 3b) . FCE was dependent 313 on density, but not seawater exchange rate (Fig. 3b, Table 2 ). FCE was significantly higher in 314 the low and medium density treatments than in the high density treatments (Fig. 3b, Table 2 ). decline in AT in all treatments during the first six weeks of the experiment (Fig. 4a) . The decline 323 in AT was greatest in the low seawater exchange, high density treatment and lowest in the high 324 seawater exchange, low density treatment. AT increased in all treatments during weeks 7 to 10, 325 but did not return to levels recorded in the treatments at the beginning of the experiment (Fig.   326 4a).
327
Seawater pH decreased in all treatments over time from ~ 8.12 to as low as 7.61 in the 328 low seawater exchange, high density treatment (Fig. 4b) . pH was lower in all treatments 329 compared to the ambient seawater supplied to the system after three weeks (Fig 4b) . The decline 330 in pH was greatest in the low seawater exchange, high density treatment and lowest in the high 331 seawater exchange, low density treatment.
332
Carbon dioxide concentrations (pCO2) increased in all treatments over time from 200 -333 300 µatm to as high as 1024 µatm in the medium seawater exchange, medium density treatment 334 (Fig. 4c) . The increase in pCO2 was greatest in the medium seawater exchange, high density 335 treatment and lowest in the high seawater exchange, low density treatment. pCO2 was higher in 336 all treatments compared to ambient levels in the seawater supplied to the system after eight 337 weeks (Fig. 4c) .
338
Mineral saturation (ΩCa) decreased in all treatments over time by approximately 50% 339 (Fig. 4d) . The decline in ΩCa was greatest in the low seawater exchange, high density treatment 340 and lowest in the high seawater exchange, low density treatment. ΩCa was lower in all 341 treatments compared to the ambient seawater supplied to the system after three weeks (Fig 4d) . were a poor fit (P > 0.01, Table 3 ). Likewise pCO2, AT and ΩCa explained 65, 53 and 50% of 346 the variance in relative spine length respectively and all other parameters were a poor fit (Table   347 3). No single model of the relationship between seawater parameters and SGR, LGR or relative 348 spine length was supported by the data as there were two or more models with similar AICc 349 values (Table S1 ). Models containing all parameters (AT, ΩCa and pCO2) had similar AICc 350 values to models containing fewer parameters (Table S1 ).
351
For consumption, all seawater parameters had P values < 0.01 in marginal tests (Table 3) ,
352
although AT (51%) and ΩCa (47%) explained more variation than other parameters (< 40%, faeces, food and combined) and controls (i.e. seawater only) (Fig. 5a ). Nitrate concentration was 362 dependent on a significant interaction between seawater exchange rate and treatment (Table 4,   363 followed by post-hoc pair-wise tests, Fig. 5a ). At an exchange rate of 3.0 exchanges. 
371
Mean AT was dependent on a significant interaction between seawater exchange rate and 372 treatment ( Table 4 , followed by post-hoc pair-wise tests, Fig. 5b ). AT was significantly lower in 373 the combined and T. gratilla only treatments than the control treatments at both exchange rates.
374
However at 3.0 exchanges.hr -1 , AT was significantly lower in the T. gratilla only treatment than 375 in the combined treatment. AT was significantly higher in the faeces and Sargassum spp. only 376 treatments than the control at an exchange rate of 0.3 exchanges.hr -1 .
377
Dissolved oxygen (DO) was dependent on treatment (T. gratilla, faeces, food, combined 378 and controls), but not seawater exchange rate (Table 4 , followed by post-hoc pair-wise tests, Fig.   379 5c). DO was significantly lower in all treatments (T. gratilla, faeces, food and combined) 380 compared to the controls. DO was significantly higher in the faeces and Sargassum spp. only 381 treatments than in the T. gratilla only treatments, which were higher than in the combined 382 treatments.
383
Seawater pH was dependent on a significant interaction between seawater exchange rate 384 and treatment (Table 4 , followed by post-hoc pair-wise tests, Fig. 5d was significantly higher at an exchange rate of 0.3 exchanges.hr -1 than 3.0 exchanges.hr -1 .
399
Mineral saturation (ΩCa) was dependent on a significant interaction between seawater 400 exchange rate and treatment (Table 4 , followed by post-hoc pair-wise tests, Fig. 5f ). CO2 increases and ocean pH decreases.
419
The effect of temperature on growth of T. gratilla in this study followed the typical non- LGR and SGR were dependent on an interaction between 799 seawater exchange rate and density (Table 2) . (c) Relative spine length was dependent on 800 seawater exchange rate (Table 2 , 0.3 < 1.0 < 3.0) and density (Table 2 , Low > Medium > High).
801
Data are means ± S.E, n = 5 except for the Low density treatment at 0.3 exchanges.hr -1 (n = 4). on a significant interaction between seawater exchange rate and density (Table 2 ). (b) FCE was 808 dependent on density (Table 2 , Low = Medium > High), but not seawater exchange rate (Table   809 2). Data are means ± S.E, n = 5 except for the Low density treatment at 0.3 exchanges.hr -1 (n = 810 4). Er = Exchange Rate; De = Density; Significant differences (P < 0.05) are in bold; df, degrees of freedom, MS, mean square. Post-hoc tests: low, medium and high correspond to low, medium and high density treatments respectively. 0.3, 1.0 and 3.0 correspond to seawater exchange rate treatments (0.3, 1.0 and 3.0 exchanges.hr -1 respectively). Seawater physico-chemical parameters included in the analysis for consumption were nitrate concentration, ΩCa, AT, pCO2 and pH. Note: pH was highly correlated (> 0.99) with salinity, temperature and dissolved oxygen (DO) in marginal tests (Table 3) and was used as a proxy for these parameters. (Webb et al. 1977) . Dry weights for the sea urchins were calculated from wet weights using a wet weight to dry weight ratio of 0.1359 (Mos, unpublished data, n = 131). Note: b and K constant values are for T.
gratilla within ambient seawater pH. Oxygen uptake is reduced for echinoderms exposed to low pH (Farmanfarmaian 1966 
